This paper describes measurements of chordwise distributions of unsteady pressure at three radial locations on a stiff two-bladed teetering model helicopter rotor in hover, with the blades executing simple harmonic pitch oscillations about the quarter-chord pitch axis. The objective of the present work is to provide a data base to correlate the measured unsteady blade pressure distributions with dynamic inflow to establish the validity or deficiencies of available analytical methods for predictions of unsteady aerodynamic phenomena. The effect of dynamic inflow on rotor unsteady surface pressure has been extensively documented. Two means of changing inflow velocity have been employed, first by an appropriate combination of rotor speed and forcing frequency, and second by mean pitch angle. The reduced frequency effect and the tip effect on the perturbation lifting surface pressure have been demonstrated.
INTRODUCTION
The problem of unsteady aerodynamic load distribution over fixed wing airfoils under dynamic pitch oscillations has been extensively attacked by many researchers, but similar problem for lifting rotor blades still deserves attention. The problem for rotating wing is complicated not only by the rotation of the wing but also by the formation of spiral 1 
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2 Post-Doctoral Fellow 3 Professor and Associate Director 4 Associate Professor trailing wake vortex sheet which pile up underneath the rotor and significantly influences loading over it, specially in the case of low inflow velocity. Dynamic pitch oscillation further complicates the problem of unsteady load distribution over the rotor blades in a general sense that not only the amplitude but also the phase angle of the shed vorticity of the blades with respect to their pitching motion now become judgmental in predicting unsteady load over the rotor. Every minor details such as number of blades in the rotor system, the phase lag between their motions, the forcing frequency harmonics, etc. now play an important role. The experimental measurements call for installations of very complicated mechanical systems. Formidable obstacles are presented by the task of converting voluminous analog pressure data from rotating to non-rotating frame without losing much in the process. Rotor system is known to be prone to severe vibration problems, which not only sets some limitations on the operating conditions but also demands a smart data reduction technique to extract useful information out of bulk of data.
Satyanarayana and Davis (Ref.
4) have experimentally investigated the unsteady loading near trailing edge on an oscillating wing at high reduced frequency. A possible violation of Kutta condition is postulated. Ardonceau (Ref.
3) has also done some work on both analytical and experimental measurements of unsteady surface pressure over rectangular wing covering a range of reduced frequency. This paper describes unsteady surface pressure measurements on a lifting rotor blade under controlled harmonic pitch oscillation in actual rotation.
SCOPE AND OBJECTIVE
The objective here is to obtain and set up a data base for measured unsteady blade pressure distributions under controlled pitch excitations at a set of different dynamic inflow conditions, with simultaneous sampling of both the input and the output of the system. The hover condition reduces complexity, and the tip speed is limited to low subsonic (incompressible) regime. A parametric study has been carried out to extensively document the dynamic inflow effects on lifting perturbation pressure.
EXPERIMENTS

Description of facility
The experiments were conducted in the Aeroelastic Rotor Test Chamber (AeroTech) at Georgia Institute of Technology. The facility is described in Ref. the flats of the octagonal cross section, and the overall length is 6.1 m.
Blade Instrumentation
The blade surface pressure is measured by Kulite absolute pressure transducers. Kulite transducers are solid state devices incorporating four arm wheatstone bridge on the surface of a silicon diaphragm. Their high natural frequency, low hysteresis and superior thermal and environmental performance make them uniquely suitable for dynamic pressure measurement.
Kulite thin line series (LQ-080-25A) transducers were selected for the present purpose. Three radial locations were selected for the purpose of pressure measurements. These being at 70%, 85%, and 95% of rotor radius. One location (85%) being on one blade while the other two being on the other blade. In order to facilitate surface mounting of pressure transducers on the blades, 1/8 in thick balsa wood flap was wrapped around each blade from 50% radial location to the tip. Parallel running spanwise grooves of thickness of at least 0.2 in were cut at those chordwise locations. The transducer lead wires (width 0.12 in) run all along these grooves from transducer heads to connecting strips pasted at blade root cut-outs. The grooves were made wider on blade no.
2 inboard of 70% radial location where 2 lead wires run side by side. 1/16 in balsa wood strips of exactly same dimensions were cut to fit in these grooves after the transducers were pasted in place. Water based contact cement was used as an adhesive to paste these parts together. Strips were pasted carefully, so as to ensure that their surfaces were flush with rest of the balsa wood surface. The lead wires were actually sandwiched between two layers of contact cement. Sanding sealer was used with sand paper to make the entire surface as smooth as possible. Dope was then applied to entire surface to remove surface porosity of balsa wood. Inboard of 50% radial location, where the blades were uncovered, lead wires were pasted on the blade surface all way till root cut-out where they were soldered to connecting strips. The exposed portion of the lead wires was covered by aircraft silk which was pasted to the rotor by contact cement. This was done to make sure that the lead wires are not flipped when blades rotate at high Rpm.
Transducer calibration
Once the transducers were mounted on blade surfaces, they were calibrated for their sensitivities. A simple metal box was fabricated with top lead having an orifice of same contour as that of the blade airfoil section. The instrumented blade was inserted inside the tank and the tank was sealed around the blade using RTV. The tank was then connected to a vacuum pump through a regulator valve and the air was sucked out of the tank lowering the tank pressure, which was read on a scale. The tank was also connected to a barocel pressure sensor to accurately measure the tank pressure digitally by means of the A/D converter. One end of the barocel was connected to the tank while the other end was left open to the atmosphere. The barocel signal was first amplified and processed through a signal conditioner before feeding it to the A/D converter.
The tank pressure was controlled using the valve and the data from pressure transducers as well as the barocel were acquired simultaneously at several discrete values of tank pressure using the available data acquisition system. The entire process was repeated by replacing the vacuum pump with a high pressure air supply to give positive gage pressure (above atmospheric pressure). The standard calibration process indicated linear variation of the transducer output voltage with the applied tank pressure, for all transducers. Since the transducers measure absolute pressure, only slope of the sensitivity curve was important because the constant intercept part is annulled when the ambient reading (Rotor stationary) is subtracted from the test readings (Rotor rotating) to evaluate pressure coefficient C p . A slow drift in transducer sensitivity was observed which was overcome by overnight warming up of all electronic circuitries.
Test conditions
The standard test conditions are the following:
Rotor rpm = 600 
Data reduction
A four step data reduction technique was employed to all pressure and pitch angle data. The first step was to digitally filter all voluminous data to eliminate all signal contents over 60 Hz. The digital filter employed is a maximally-flat pass and band symmetric FIR low pass digital filter (MXFLAT) developed by J. F. Kaiser at Bell Laboratories. It is important to note that since first and last 104 data points are lost during this filtration, it was mandatory to filter raw data before employing azimuth synchronized phase averaging technique.
The second step was to average data. Since filtered data were no longer synchronous with rotor 0 o azimuth position, the synchronization was achieved by deleting few exact number of initial data points. Both raw and filtered data were averaged over available number of rotor revolutions. Typical results are reported in Fig. 1. As expected, data become very noisy near trailing edge. Filtered and averaged data are shown in Fig. 2 The third step was to apply a regression analysis to these filtered and averaged pressure and pitch angle data. This is an n-per-rev harmonic curve-fit technique based on the least squares technique to extract the n -per-rev component from the data. The digitized, filtered, and averaged time history data is approximated as Where N denotes total number of data points in one rotor revolution and depends on data azimuth resolution. The corresponding phase angles also do not follow any consistent pattern, and both the amplitude and the phase angle show no sign of repetition from day-to-day experimentation.
The pressure data under certain operating conditions are found to be heavily contaminated by 1 st harmonic component, while the blades are excited at some higher harmonic forcing frequency. . 3,4) . All pressure coefficients are based on local dynamic pressure. The phase angle, on the other hand, seems increasing linearly from leading to trailing edge. At a fixed radial location, as reduced frequency is increased, the chordwise amplitude distribution profile increases steadily, except at 3-per-rev where a large jump is recorded. Phase angle profile, on the other hand, seems to rotate and become steeper as reduced frequency increases. These trends are observed at all three radial locations.
The amplitude profile keeps decreasing as we move towards blade tip from an inward radial location. This effect becomes more pronounced as reduced frequency increases. At lower reduced frequency, the amplitude first increases in the leading edge region, and then decreases as we go from 70% to 85% radial location, but a rapid reduction is observed as we move further outboard. The phase angle profile, on the other hand, first seems to become steeper as we move from 70% to 85% radial location, and then becomes even more flatter at 95% radial location than that at 70%.
Increasing mean pitch angle to increase inflow velocity has relatively small effect on the amplitude and phase angle of the lifting perturbation pressure. A very high amplitude and erratic phase angle is obtained at 0 o mean pitch angle, which simulates vortex ring state. This trend is very predominant at 85% radial location. A similar trend has been observed even at 4 o mean pitch angle for a particular case of low rotor speed of 150 rpm. This effect is observed to persist along spanwise direction. It may, therefore, be suspected that this effect is an attribution more of the inherent properties of the system than that of purely an aerodynamic phenomenon.
Mean pitch angle has a marked effect on the amplitude and the phase angle of the lifting perturbation pressure at a radial location closer to the blade tip. Meticulous observations reveal the facts that the chordwise amplitude distribution profile fall with increasing mean pitch angle. The amplitude profile falls rapidly as blades are set at sufficient higher mean pitch angle of 10 o . Due to limitations on available hydraulic actuator stroke, it was not possible to increase the mean pitch angle any further. The phase angle distribution profile, on the other hand, continuously keeps rotating and becomes flatter as mean pitch angle is increased.
